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Abstract— Dissolved oxygen (DO) is an important parameter 
with significant effect on cellular development and function. 
Micron-scale laminar flow and hydrodynamic focusing provide 
ideal tools for the generation of controlled chemical micro-
environments and their application as stimuli to cells. In this 
paper we demonstrate the generation and characterization of 
multi-stream laminar flow and hydrodynamically focused sample 
streams with defined dissolved oxygen concentrations on chip. A 
solid-state oxygen sensor layer was integrated into PDMS-based 
microchannels and calibrated. Several combinations of sample 
and buffer streams with concentrations ranging from 0 to 34 mg/l 
DO were generated and measured for up to three independent 
parallel flow streams. In addition, diffusion-based stream 
broadening measured with the sensor was used to determine the 
coefficient of diffusion of O2 in the flow medium. The devices 
have the potential to provide novel insights into cell biology and 
improve the relevance of in-vitro cell assays. 
 
Index Terms—Microfluidics, hydrodynamic focusing, optical 
oxygen sensor, PtOEPK/PS, spatial measurement. 
I. INTRODUCTION 
HE characteristics of laminar flow, as observed in 
microfluidic devices, allow one to generate parallel multi-
stream flows with stable inter-stream interfaces in a single 
microchannel. Material transport across these interfaces is by 
diffusion only and can be controlled using the flow speed of 
the individual streams. In cell biology, this phenomenon can 
be applied to produce controlled chemical microenvironments 
down to sub-cellular dimensions [1, 2], enabling one to study 
the biochemical and biophysical processes of cells. To this 
day the use of multiple parallel flow streams has been 
explored mostly for the partial treatment of individual and 
patterned cells with biochemical reagents [1-3]. In an 
extension of this concept, it has further been shown that the 
shape of the interface between the parallel flow streams can be 
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selectively modified by modulating the driving pressures to 
produce arbitrary shaped chemical signal streams [4].  
Beyond the use for the delivery of reagents or 
nanoparticles, multi-stream laminar flows also have the 
potential to be used to generate microenvironments with 
controlled oxygen concentrations inside a single channel. In 
cell-based applications in particular, the oxygen concentration 
of a sample stream itself represents a parameter with 
significant effect on cellular development and function. For 
example, the dissolved oxygen (DO) concentration has been 
found to be intimately linked to cell survival, metabolism and 
function [5, 6]. The capability to expose regions of a cell-
culture or individual cells and regions on the cell surface to 
controlled DO levels therefore has the potential to yield novel 
insights into cell biology. Furthermore, measuring and 
controlling the DO concentrations of sample streams will 
increase the relevance of existing small-molecule delivery 
applications, which previously have been performed mostly 
with media equilibrated under atmospheric oxygen 
conditions [1-4, 7].  
Achieving this requires a means of measuring spatially-
distributed DO concentrations inside the particular 
microdevice. Thus, we have recently developed a robust 
deposition and patterning method for optical oxygen sensors 
based on Platinum(II) octaethylporphyrin ketone (PtOEPK) in 
polystyrene (PS) as microporous oxygen-permeable 
matrix [8]. This material system has attracted considerable 
interest due to the long wavelength shift and long-term photo 
stability exhibited by the PtOEPK molecule [9]. In addition, 
the homogeneous nature of spin-coated sensor films as 
obtained with our fabrication process allows one to visualize 
spatially-varying DO concentrations in-situ, such as generated 
by two independent flow streams [8].  
In this paper we extend the concept by demonstrating the 
advanced capabilities of the integrated sensor system for 
spatially-resolved measurement of DO in two microfluidic 
devices related to the generation of localized 
microenvironments. The in-situ measurement of local oxygen 
concentration is demonstrated both in flow streams 
hydrodynamically focused to cellular dimensions, as well as 
multiple parallel streams with variable concentration levels. 
The former represents an important example of how the 
spatial resolution of applied stimuli, such as oxygen, can be 
improved towards cellular and sub-cellular dimensions. While 
this has previously been demonstrated as a means to improve 
the sample control for small molecular reagents [7], this paper 
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shows for the first time how this principle can be extended to 
the delivery of biologically relevant oxygen.  
The latter example demonstrates the use of the sensors to 
control oxygen in parallel molecule delivery cell-network 
assays for active exposure of cultures to locally different 
oxygen concentrations within a single device. In addition, we 
show how the integrated sensor can be used, similar to a T or 
H-filter [10, 11], to measure the coefficient of diffusion of 
oxygen for the perfusion media in this specific configuration. 
II. EXPERIMENTAL 
A. Device Fabrication 
The sensor etch stencils and the channel devices for multi-
stream laminar flow and hydrodynamic focusing were 
fabricated using lithography and replica-molding in poly-
dimethylsiloxane (PDMS, Sylgard 184, DowCorning) [12]. 
Details of the fabrication process and integration of the bio-
compatible oxygen sensor layer via soft-lithography have 
been described previously [8]. Figure 1 shows a schematic of 
the main fabrication steps. 
In brief, micro-scale patterns were created using computer-
aided design software (L-Edit, Tanner Inc) and then 
transferred onto chrome covered glass masks (Nanofilm) 
using a laser mask writer (μPG101, Heidelberg Instruments). 
The masks were used for photolithographic reproduction in a 
mask aligner (MA 6, Suss Microtec) with 4” Si wafers as 
substrates and negative tone photoresist (SU-8 2100, 
MicroChem). To create the resist molds, patterns on the mask 
were transferred into SU-8 through exposure and subsequent 
development in (1-methoxy-2-propyl)acetate (Fig. 1(a)). After 
rinsing with isopropanol and blow-drying with nitrogen, the 
molds were treated with trimethylchlorosilane (TMCS, Sigma 
Aldrich) to facilitate removal of the cured polymer.  
Degassed PDMS pre-polymer mixture (10:1 w/w 
Sylgard 184, Dow Corning) was cast onto the 
photoresist/silicon wafer mold master and cured at 80˚C for 
3 hrs on a hotplate (Fig. 1(b)). Once cured, stencils and 
devices were peeled off and cut to size (Fig. 1(c)). In case of 
the microchannel devices, inlet and outlet holes were created 
using a biopsy punch (Stiefel). 
The oxygen sensor films were formed on glass microscope 
slides (Proscitech) by spin-coating a 7% w/w solution of PS 
(Sigma Aldrich) and PtOEPK (Frontier Scientific) in toluene 
to a typical thickness of 400 nm (Fig. 1(d)). After evaporation 
of the solvent, pre-fabricated PDMS stencils were brought 
into conformal contact with the sensor films (Fig. 1(e)) and a 
reactive ion etcher (RIE, Plasmalab 80, Oxford Instruments) 
was used to pattern the films in oxygen plasma (Fig. 1(f)). 
After patterning, the PDMS microchannel devices were 
sealed to the glass substrates with the PtOEPK/PS sensors by 
surface activation in atmosphere using a corona wand (BD-
20AC, Electro Technic Products). The final fabricated 
structure is shown in Fig. 1(g). 
B. Fluidic Control 
Figure 2 shows a schematic of the spatially-resolved 
oxygen measurement setup. A dual syringe pump (PHD 2000, 
Harvard) with syringes of different sizes was used to provide 
pressure-driven flow through the gas exchangers and the 
microchannel devices. A custom bubble-trap connected via 
tubing (Tygon, Cole-Parmer) to the system components and 
placed after the syringe pump before the gas exchangers, was 
used to remove any initial air bubbles from the flow. Prior to 
use, the sensor film response was calibrated using a flow-
through Clark-electrode oxygen sensor (DO-166FT, Lazar 
Research) connected between the gas exchanger outlets and 
the microchannel inlets. Deionized (DI) water could be 
oxygenated in the gas exchangers from 0 mg/l (using oxygen-
free nitrogen gas, BOC) up to a maximum DO concentration 
in water of 34 mg/l (using industrial grade oxygen gas, BOC). 
Fig. 1 Schematic of the device fabrication process. 
Fig. 2 Schematic of the experimental oxygen measurement setup.
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C. Oxygen Measurement 
Dissolved oxygen measurements were performed using a 
standard fluorescence microscope (Nikon Eclipse 80i) in 
combination with custom filter cube (Chroma) and a digital 
camera (Sony Handycam) sensitive in the near-infrared (NIR) 
for image acquisition. This is necessary since the PtOEPK dye 
exhibits an absorption peak at 590 nm (EF) and an emission 
peak at 760 nm (BF) in the NIR. During measurements the 
device was placed on a microscope stage heater (LEC 
Instruments) and held at a constant temperature of 37°C, 
corresponding to cell-culture conditions. Digital images of the 
recorded change of PtOEPK fluorescent dye intensity in 
presence of molecular oxygen were analyzed using the image 
processing module of Matlab (Mathworks) and a pre-recorded 
Stern-Volmer calibration curve, as demonstrated 
previously [8]. Results of the oxygen diffusion coefficient 
measurements were compared to computational fluidic 
simulations (CFD) of a 2D model using Multiphysics (V3.5a, 
Comsol) [13]. 
III. RESULTS AND DISCUSSION 
Figure 3 shows photographs of the gas exchanger and the 
assembled hydrodynamic focusing and multi-stream devices.  
To create bubble-free flow of defined oxygen concentrations 
two dual-layer diffusion-based gas exchangers were fabricated 
in PDMS using a modified version of the replica molding 
technique described before. The photograph on the left of 
Fig. 3(a) shows one of the gas exchangers filled with blue and 
red colored water indicating the liquid and gas layers, 
respectively. The thickness of the gas-permeable membrane, 
shown as SEM micrograph on the right in Fig. 2(a), between 
the liquid and gas carrying channels was controlled to around 
30 μm by spin-coating PDMS pre-polymer onto the 
photoresist mold and subsequent curing for 10 min at 80˚C. A 
second pre-cured PDMS layer was then aligned onto this and 
both cured for further 2 hrs [14]. Using the Clark-electrode 
sensor the gas exchangers were measured to provide a 
maximum dissolved oxygen concentration of 34 mg/l in water. 
Figure 3(b) shows a photograph of the hydrodynamic 
focusing device with tubing inserted and mounted on the 
microscope stage heater. Red-colored water was used to 
indicate the buffer inlet (flow rate V1, initial DO concentration 
cO2,1), which is divided into two channels to provide the side 
buffer streams for focusing. The central sample stream (flow 
rate V2, initial DO concentration cO2,2) is indicated by the blue-
colored channel. Buffer and sample streams were combined in 
a 200 μm wide rectangular microchannel with a total length of 
100 mm and a common outlet.  
The multi-stream flow device is shown in Fig. 3(c) together 
with two external gas exchangers on separate substrates and 
connecting tubing. Central to the device is a rectangular 
parallel-plate microchannel with integrated oxygen sensor 
film and three inlets and a common outlet. The output flows 
with varying oxygen concentration from the three gas 
exchangers are combined in this channel to yield the parallel 
laminar flow streams. Blue and red-colored water were used 
in Fig. 3(c) to visualize the fluidic and gas layers of the 
device, respectively.  
In the following the use of the two devices with integrated 
sensors for oxygen control and visualization is demonstrated. 
The syringe pump and gas exchangers were used to provide 
bubble-free inlet flows of DI water with different DO 
concentrations. These were chosen to correspond to hypoxia 
(0 mg/l O2), aerated water (~8.6 mg/l O2) and fully saturated 
hyperoxic water (34 mg/l O2). Depending on the application, 
additional concentrations within this range can be produced by 
simply adjusting the gas mixture used in the gas exchangers. 
Fig. 3 Photographs of the flow devices used for the experimental 
demonstration of generation and detection of spatially-varying oxygen 
concentrations. (a) Photograph of the two-layer PDMS based gas-exchanger 
(left) and SEM image of the internal PDMS membrane (right) used to 
produce bubble-free inlet flows with controlled oxygen concentration. Red 
and blue colored water was used to visualize the gas and fluidic layers, 
respectively. (b) Photograph of the hydrodynamic focusing device mounted 
on the microscope heater. Two inlets supply the central sample stream (blue) 
and the buffer streams (red), leading to a combined outlet via a meandering 
microchannel with integrated oxygen sensor. (c) Photograph of the multi-
stream laminar flow device with attached gas-exchangers. Inlet flows from 
three exchangers combine in the central parallel-plate microchannel with 
subjacent sensor film. Colored water indicates gas (red) and fluidic (blue) 
layers, respectively. 
Authorized licensed use limited to: University of Canterbury. Downloaded on August 09,2010 at 03:03:42 UTC from IEEE Xplore.  Restrictions apply. 
Copyright (c) 2010 IEEE. Personal use is permitted. For any other purposes, Permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.
SENSORS-3716-2009 
 
4
Several combinations of buffer and sample stream 
concentrations and flow rates were used. The oxygen 
concentration in the devices was visualized using fluorescence 
microscopy on the subjacent PtOEPK/PS layer. The main 
advantages of this thin-film sensor system rest on the solid-
state nature of the film combined with the optical sensor read-
out allowing for non-contact measurements inside fully 
enclosed devices. Especially compared to other dissolved 
oxygen probes, the PtOEPK/PS sensor films are less 
expensive due to being reusable and, through encapsulation in 
the PS matrix, are less likely to influence the measurement by 
interacting with cells and microorganisms cultured inside the 
device. 
A. Hydrodynamically Focused Flow 
Figure 4 shows the generation and spatially-resolved 
detection of hydrodynamically focused flow streams with 
controlled oxygen concentrations [15]. With a single pump 
and the syringe sizes available, typical buffer/sample flow rate 
combinations from 0.1 to 0.5 ml/min could be produced. As 
indicated by the brightfield micrograph in Fig. 4(a), oxygen-
dependent fluorescence intensity images were recorded at 
different positions along the meandering microchannel. 
Figures 4(b)&(c) show the intensity image of the sensor film 
inside the microchannel at the inlet and 64 mm downstream, 
respectively and as indicated by the dashed black rectangles in 
Fig. 4(a). For this example the oxygen concentration of the 
buffer streams was set to hypoxia (0 mg/l O2) and that of the 
sample stream to hyperoxia (34 mg/l O2). The outline of the 
microchannel in the images (dashed white lines) indicates the 
capability of the sensor to resolve the different DO levels 
inside the channel. 
This configuration of the sample stream would for example, 
allow one to study spatially-resolved the reversible growth 
inhibition and differentiation exhibited by individual 
fibroblasts when exposed to high oxygen levels [14]. For 
neural and other stem cells in comparison, hypoxic conditions 
were observed to promote growth and influence 
differentiation [16]. Switching to these conditions is easily 
realized in the presented device by changing the gases used in 
the gas exchangers to yield a hypoxic sample stream (N2) and 
saturated buffer streams (O2). Figure 4(d) shows the intensity 
image corresponding to this particular configuration at the 
same location as Fig. 4(b). In both cases the oxygen 
concentration of the buffer streams (and sample stream) can 
be finely tuned to the desired experimental conditions within 
the full range produced by the gas exchangers. 
In addition to the visualization of the DO content of the 
flow streams, the intensity response of the sensor film can also 
be used to measure the absolute concentration. This is 
achieved by pre-calibration of the intensity change with flows 
of known oxygen concentrations. The calibration curve is then 
used to convert the change in intensity for an unknown 
concentration to the corresponding oxygen value in mg/l. Due 
to the homogeneous films obtained with our fabrication 
method and by using fluorescent intensity quenching for 
detection, the sensor can thus be used for spatially-resolved 
oxygen sensing [8]. Figure 4(e) shows pre-calibrated plots of 
the DO concentration profile across the channel width close to 
the focus point (blue, green) and 64 mm downstream (red). As 
can be observed, hydrodynamic focusing can be used to 
produce a dimensionally well-defined stream with stable 
oxygen concentration over long flow lengths. Only minor 
broadening of the hyperoxic sample stream occurs, which is 
due to lateral oxygen diffusion over the extended channel 
length and can be controlled via the flow rate. The cross-
channel plot for a hypoxic sample stream is shown on the 
right of Fig. 4(e) and demonstrates the range of conditions the 
device can generate and detect. The noise on the sensor signal 
is due mainly to the camera used for image acquisition and 
could be improved using a dedicated cooled camera. 
Due to our interest in the cell biology of hepatocyte liver 
cells (∅ ~ 20 μm) and endometrial cancer cells 
(∅ ~ 35 μm), we have currently optimized the flow 
conditions to yield a sample stream width of around 20 μm 
Fig. 4 Visualization of oxygen concentrations in hydrodynamically focused 
flow. (a) Micrograph of the microchannel showing the central sample stream 
(blue) and buffer streams (red). Dashed rectangles indicate the measurement 
locations at the inlet and ~6 cm downstream. (b)-(d) Oxygen-dependent 
optical intensity images of the sensor film at the measurement locations 
indicated in a). Regions of higher and lower intensity indicate lower and 
higher oxygen concentrations, respectively. In b) and c) the central sample 
stream corresponds to a DO concentration of 34 mg/l (hyperoxia) and the 
buffer streams to 0 mg/l (hypoxia), whereas in d) the concentrations are 
inverted to yield a hypoxic sample stream. (e) Calibrated plots of the oxygen 
concentration across the channel at the locations indicated by the arrows in b), 
c) and d). The oxygen-rich sample stream of b) and c) remains focused to a 
width of ~20 μm over the full length of 64 mm, while the oxygen-depleted 
stream from d) indicates device versatility.     
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(see Fig 4(e)). If needed, this can be further reduced 
significantly by adjusting the buffer/sample stream flow ratio 
and by using a second syringe pump. Stable sample streams of 
widths as small as 50 nm have been reported for mixing 
applications [17]. While sample streams of these dimensions 
would enable the high-resolution stimulation of certain areas 
on the surface of a single cell, the resulting fluid shear forces 
would have to be closely monitored to not influence the cell 
physiology and thereby reduce the relevance of the delivered 
stimuli.  
B. Multi-stream Flow 
A second application for the oxygen sensor films can be 
found with chip-based multi-stream assays for cell-cell 
networks [3]. Figure 5 shows the generation and spatially-
resolved visualization of parallel laminar flow streams with 
variable dissolved oxygen concentrations in such a device. To 
demonstrate device applicability the resulting flow was 
imaged and analyzed using the oxygen sensor film integrated 
on the bottom of the channel. Upon entering the central 
parallel-plate microchamber, shown in Fig. 5(a), the parallel 
streams remain separated over the total length of 18 mm due 
to the predominant laminar flow regime. This results in three 
distinct oxygen concentration levels being generated across 
the width of the chamber. Figure 5(b) shows the 
corresponding intensity images recorded via the integrated 
sensor film for (from left to right) the reactor inlet, mid-point 
and outlet. Aerated water (~8.6 mg/l) enters the chamber 
through the top inlet, oxygenated (34 mg/l) through the central 
and nitrogenated (0 mg/l) through the bottom inlet. The 
difference in oxygen concentration between the individual 
streams is easily discernible and remains stable over the full 
length of the device.  
Oxygen concentration across the reactor was analyzed in 
the areas indicated by the dashed rectangles, inlet (red) and 
outlet (green), respectively. The two measurement points are 
separated along the length of the reactor by a distance of 
16.4 mm. Figure 5(c) shows the cross-width plots of the DO 
concentration at inlet and outlet obtained from the intensity 
images. The oxygen concentration levels of oxygenated, 
aerated and nitrogenated water, indicated in the plots in 
Fig. 5(c) were determined through calibration of the sensor 
prior to measurement. As can be observed, the width of the 
individual streams or oxygen levels varies over the reactor 
length. These differences in level width from inlet to outlet of 
the individual streams can partially be attributed to lateral 
diffusion of oxygen from the oxygen-rich central stream. 
However, in addition to the diffusion contribution, the flow 
rate of the nitrogenated stream (bottom in intensity images, 
right in concentration plot) was found to be slightly less than 
the inlet flow rate of 0.1 ml/min pre-set via the syringe pump. 
The difference originated in the uneven number of inlets, 
where one of the two syringes on the pump was used to 
supply two inlets each via a y-junction in the tubing. Although 
the second half of flow from the syringe, providing the 
nitrogenated stream, was connected to an additional dummy 
gas-exchanger for fluidic resistance equilibration, combining 
only one of these two streams in the reactor lead to the 
aforementioned differences in stream width. If perceived 
critical, this minor problem could be mitigated by use of a 
triple syringe pump with one single syringe per stream or by a 
device design with only even number of inlets.  
The more important observation from Fig. 5(c) however, is 
the significant decrease in slope of the transition between the 
centre stream and the two outlaying ones from inlet to the 
outlet plot. This is indicative of lateral diffusion of oxygen 
from the central oxygenated stream to regions of lower 
oxygen concentration (aerated and nitrogenated streams). 
Fig. 5 Visualization and measurement of oxygen in multi-stream laminar 
flow. (a) Micrograph of the parallel-plate rectangular microchannel with 
integrated optical oxygen sensor film indicating device dimensions, 
measurement locations and flow layout. (b)Oxygen-dependent fluorescent 
intensity images recorded at the inlet, middle and outlet. The intensity 
response for the top stream corresponds to aerated (8.6 mg/l O2), the middle 
stream to hyperoxic (34 mg/l O2) and the bottom stream to hypoxic (0 mg/l 
O2) conditions. Inter-stream boundaries remain stable over the full channel 
length of 18 mm. (c) Oxygen concentration plots across the channel width at 
positions indicated by the dashed rectangles in (b). Concentration levels 
(dashed lines) were obtained through calibration of the sensor prior to use 
and coincide well with the individual streams. By applying diffusion theory, a 
coefficient of diffusion of oxygen in water of DO2 = 2.57x10-5 cm2s-1 can be 
calculated from the decrease in slope from the inlet to outlet profile.  This 
compares well with CFD simulation results obtained using the measured
coefficient as parameter and overlaid as dotted lines in the plot.  
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Since the device dimensions, initial oxygen concentrations of 
the three streams and the flow conditions are known, this 
phenomenon can be used to deduce the diffusion coefficient 
of oxygen in the fluid using Fick’s Law [13]. By solving the 
diffusion equation the coefficient of diffusion is found as a 
function of the characteristic length  
 
2
2 4O
xD
t
=
⋅
, (1) 
where DO2 is the coefficient of diffusion of oxygen in the 
medium, t the residence time in the channel and x is the 
diffusion length perpendicular to the flow direction. For a 
total flow rate of 0.3 ml/min the residence time t = 1.05 s and 
the diffusion length x can be deduced from the difference of 
the slopes in the inlet and outlet plots in Fig. 5(c) to x = 
104 μm in our case. Thus, using the oxygen sensors the 
coefficient of diffusion for oxygen in water at a temperature of 
37°C was determined to be DO2 = 2.57x10-5 cm2s-1. This value 
compares well with oxygen diffusion coefficients in water of 
2.52x10-5 cm2s-1 at 35.1ºC and 2.78x10-5 cm2s-1 at 40.1ºC 
published in literature [18].  
To further validate this result, the measured oxygen 
distribution was compared to a 2D CFD simulation of the 
microchannel using the experimental geometry, the flow 
conditions and the measured coefficient of diffusion as model 
parameters [13]. Flow conditions were modeled using the 
Navier-Stokes application mode with three parallel inlet 
streams of equal flow rate Q = 0.1 ml/min each. The pressure 
at the outlet was set to p = 0. Liquid properties used were 
those of freshwater with a dynamic viscosity η = 1x10-3 Pa*s 
and density ρ = 1x103 kg/m3. Species transport was modeled 
using the Convection and Diffusion application mode. The 
measured DO2 of 2.57x10
-9 m2s-1 was used as the isotropic 
diffusion coefficient of the liquid. Each inlet was assigned a 
constant species concentration of 0, 0.538 and 2.125 mol/m3, 
respectively. The boundary condition of the outlet was set to 
convective flux and the two application modes were coupled 
via the fluid velocity u, parallel to the long axis of the reactor 
chamber. Automated meshing and refinement yielded a 
90.000 element mesh, which was solved using the GMRES 
linear system solver.  
Simulated oxygen concentration profiles across the 
chamber width were evaluated at the two points indicated in 
Fig. 5(a). The simulation results are plotted as dotted lines 
superimposed onto the measured profiles in Fig. 5(c). As can 
be seen, good agreement exists between the shape of the 
measured and the simulated concentration profiles at both the 
inlet and outlet and considering the noise on the measured 
data. In addition, the slope of the profiles coincide, indicating 
the validity of the diffusion model for analysis, as well as the 
value of the diffusion coefficient measured using the 
integrated optical sensor film. 
In the future, cell-culture and cell micro-patterning will be 
integrated into the devices. As we have demonstrated 
recently in a similar laminar flow device, the sensor layer 
retains its function with extracellular matrix proteins deposited 
directly onto the sensor film and a layer of endometrial cancer 
cells cultured on top [19]. This will enable the study of the 
effects of oxygen concentration on cell development and 
function in general. It will further allow one to provide better 
environmental control for molecular delivery experiments, in 
particular by adding the ability to visualize and control the 
oxygen concentration of the perfusion media used to deliver 
the respective chemical stimuli. Similarly, and as 
demonstrated here, the integrated sensors have the potential to 
allow for the on-chip integration of inline coefficient of 
diffusion calibration for oxygen in the respective media prior 
to a cell-culture bioreactor. 
IV. CONCLUSIONS 
In this paper we have shown the application of an 
integrated optical oxygen sensor to microfluidic devices 
capable of generating microenvironments with controlled 
oxygen concentrations. Spatially-resolved in-situ 
measurements of DO were demonstrated for parallel laminar 
and hydrodynamically-focused streams and for concentrations 
ranging from 0 to 34 mg/l DO using the low-cost, reusable 
oxygen sensor film. Water-based sample streams were 
focused to widths of 20 μm and could be maintained over 
lengths exceeding 6 cm. The visualization of DO in multi-
stream laminar flow was demonstrated and the device used to 
successfully measure the coefficient of diffusion of oxygen in 
water DO2 = 2.57x10
-5 cm2s-1. The presented devices provide 
novel tools for lab-on-a-chip based oxygen concentration 
dependent biological assays and cell biology experiments. 
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